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Abstract 
 
In this paper the possibility obtaining of upper bainite, lower bainite and martensite or their mixture in nodular cast iron with carbides  has 
been presented. Conditions have been given, when in nodular cast iron with carbides for cooling at first in the form, then air-cooling auste-
nite transformation to upper bainite, its mixture with lower bainite and martensite takes place. Transformations proceed during cooling and 
the crystallization of cast iron have been determined and the casting hardness has been presented. 
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1.  Introduction 
 
In the scientific literature there are no many publications con-
cerning  bainitic  or  bainitic-martensitic  nodular  cast  iron  with 
carbides without heat treatment obtaining. There is the possibility 
obtaining these cast iron by proper chemical composition [1, 2]. 
Bainitic-martensitic nodular cast iron with carbides can be used to 
wear  resistant  elements.  Pre-results  for  this  kind  of  resistance 
were shown in paper [3]. 
In the Department of Materials Engineering and Production 
Systems further research for nodular cast iron with different metal 
matrix microstructure were conducted. The aim of this work was 
to investigate nickel influence for the kind of metal matrix micro-
structure of cast iron obtaining without heat treatment. 
 
 
2.  Work methodology 
 
Tested cast iron was melted in the 20 kg, 15000 Hz frequency 
induction furnace. Nodularization process was made in the mould. 
Through the strong  inoculating action of master alloy only hy-
poeutectic cast iron was tested, because of its greater propensity 
to the crystallization according to the metastable system. A master 
alloy in amount of 1,5% of casting mass  was inserted into the 
reaction chamber. This chamber was located in the gating system 
behind the sprue. Behind this chamber the mixing and the control 
chambers were located. Inside the control chamber the thermo-
couple  PtRh10-Pt  (S  type)  was  placed.  It  was  connected  with 
Cristaldigraph  to  thermal  derivative  analysis  (TDA)  curves  re-
cording.  After  the  crystallization  finish  castings were  knocking 
out and free air cooling. The chemical composition of tested cast 
iron,  its equivalent  carbon  content  Ec  and  a  degree  of  eutectic 
saturation Sc are presented in Table 1. 
 
 
   A R C H I V E S   o f   F O U N D R Y   E N G I N E E R I N G   V o l u m e   1 0 ,   I s s u e   2 / 2 0 1 0 ,   63- 68  64 
Table 1. 
The chemical composition of tested cast iron, its equivalent car-
bon content Ec and a degree of eutectic saturation Sc 
Chemical composition, %  Ec, 
%  Sc  C  Si  Mn  Mo  Ni  Pmax  Smax  Mg 
2,88 
 
3,27 
2,38
 
2,68 
0,19
 
0,22 
1,94 
 
2,01 
0,00 
 
3,00 
0,05  0,01  0,05 
3,62
 
4,10 
0,84
 
0,95 
 
Equivalent carbon content was calculated according to: 
 
 (1) 
 
Cast iron microstructure was tested on metallographic sam-
ples etched by nital, magn. ×1000 with use of Eclipse MA200 
Nikon microscope and ×5000 with use of S-3000N Hitachi scan-
ning microscope. Hardness tests were made by use of HPO hard-
ness testing machine for  2,5/187,5/30 conditions. The chemical 
composition was tested  with  using SPECTROMAXx  stationary 
metal analyzer made by Spectro Analytical Instruments GmbH. 
 
 
3.  Results 
 
In Figure 1 (a, b) representative TDA curves of nodular cast 
iron with carbides (a) and its microstructure (b) are presented. 
 
a) 
 
Point  , s  t,  C  dt/d ,  C/s 
A  72  1185  0,00 
B  92  1170  -1,25 
D  131  1139  – 
E  143  1139  0,18 
F  157  1140  – 
H  234  1090  -1,57 
K  280  1033  -0,85 
L  307  1004  -1,21 
b) 
 
microstructure: nodular graphite, upper bainite, ledeburitic car-
bides, retained austenite 
 
Fig. 1 (a, b). TDA curves (a) and the microstructure (b) of nodular 
cast iron containing: 2,98% C; 2,50% Si; 0,20% Mn; 2,00% Mo; 
0,50% Ni (Ec = 3,75%) 
 
Cast iron microstructure consist of:  nodular graphite, upper 
bainite, retained austenite and ledeburitic carbides. It is hypoeu-
tectic cast iron (Ec = 3,75%), so its crystallization starts from the 
austenite precipitation, what causes on the derivative curve AB 
thermal effect. Next the liquid crystallizes as austenite + graphite 
eutectic mixture (BEH thermal effect). The rest of the liquid is 
Mo  enriched  because  of  its  straight  microsegregation.  For  that 
reason liquid metal crystallizes according to the metastable sys-
tem and creates ledeburitic carbides (Fe,Mo)3C at the temperature 
of tH = 1090 C ÷ tL = 1003 C. 
In Figure 2 (a, b) scanning photographs of cast iron metal ma-
trix near to the graphite (a) and near to the eutectic cell boundary 
(b) are presented. 
It shows, that the average size of upper bainite plates near to 
the graphite is smaller than near to the eutectic cell boundary. In 
Fig.  1b  it  is  shown  a  bainite  size  reduction  near  to ledeburitic 
carbide, too. Results from it, that     BU transformation starts on 
graphite/austenite  and  carbide/austenite  boundaries.  There  is  
a small amount of carbon and molybdenum in these micro-areas, 
so the austenite stability is the least. Through the supersaturation 
of bainitic ferrite by carbon, the diffusion of its elements to cell 
boundaries begins, where carbides precipitate. They form together 
with the ferrite an upper bainite. Precipitated carbides are proba-
bly Mo enriched.    BU transformation on eutectic cells starts 
later. Thereupon, precipitated upper bainite plates are bigger and 
more expanded (Fig. 2b). 
The average hardness of nodular cast iron with carbides and 
upper bainite amounts to 338 HB. 
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a) 
 
upper bainite   retained austenite 
 
b) 
 
upper bainite  retained austenite 
 
 
Fig. 2 (a, b). The metal matrix microstructure of nodular cast iron 
near to the graphite (a) and near to the eutectic cell boundary (b). 
Scanning, magn.  5000 
 
Nodular  cast  iron  microstructure  with  2,00%  Mo  (without 
nickel) is presented in Figure 3. Result from it, that lack of nickel 
caused ferrite halo round to the graphite. It is caused by decreased 
cast iron hardenability and known, molybdenum ferritizing action 
[4]. The presence of soft ferrite in the wear resistant material is 
very  unwanted.  Ferrite  is  the  reason  of  hardness  reduction  in 
according to the previous cast iron of about 18 HB, so it amounts 
to 320 HB. 
2,00% Mo and 1,00% Ni are used as alloy additions in this 
cast  iron.  Nickel  concentration  increase  caused  austenite  trans-
formation to upper and lower bainite mixture.     BU + BL trans-
formation starts from upper bainite plates formation. Start of     
BU transformation takes place near to the graphite. This transfor-
mation can start on the austenite/carbide boundary, too [1]. An 
austenite surrounding upper bainite is supersaturated by carbon 
and  during  later  cooling  on  the  boundary  with  upper  bainite, 
lower bainite plates increase.     BL transformation is preceded 
by upper bainite precipitations. On the  /BU interfacial boundary 
the  transformation  to  lower  bainite  starts.  Thereupon,  a  lower 
bainite is surrounded from all directions by upper bainite, like it is 
shown in Figure 5 (a, b). 
 
 
microstructure: nodular graphite, upper bainite, ferrite, ledeburitic 
carbides, retained austenite 
 
Fig. 3. The microstructure of nodular cast iron containing: 2,95% 
C; 2,50% Si; 0,20% Mn; 2,00% Mo; (Ec = 3,69%) 
 
Another character of austenite transformation takes place in 
cast iron, which microstructure is presented in Figure 4. 
 
 
microstructure: nodular graphite, upper bainite, lower bainite, 
ledeburitic carbides, retained austenite 
 
Fig. 4. The microstructure of nodular cast iron containing: 2,93% 
C; 2,48% Si; 0,19% Mn; 2,00% Mo; 1,00% Ni (Ec = 3,72%) 
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a) 
 
retained austenite  lower bainite 
upper bainite   
 
b) 
 
upper bainite   
 
retained austenite  lower bainite 
 
Fig. 5 (a, b). The metal matrix microstructure of nodular cast iron 
near to the graphite (a) and near to the eutectic cell boundary (b). 
Scanning, magn.  5000 
 
Results from it a greater size reduction of upper and lower 
bainite near to the graphite in comparison with the area near to the 
eutectic cell boundary. It confirm the fact of austenite transforma-
tion  start  to  upper  bainite  on  the  graphite/austenite  interfacial 
boundary. Near to upper bainite, a fine lower bainite forms. 
The average hardness of nodular cast iron with carbides and 
upper with lower bainite mixture amounts to 355 HB. 
Increase of nickel concentration to 2,00% caused changes in 
cast iron metal matrix microstructure presented in Figure 6. 
 
microstructure: nodular graphite, upper bainite, lower bainite, 
martensite, ledeburitic carbides, retained austenite 
 
Fig. 6. The microstructure of nodular cast iron containing: 3,10% 
C; 2,50% Si; 0,20% Mn; 2,00% Mo; 2,00% Ni (Ec = 3,94%) 
 
Results from it, that solid transformation starts on the auste-
nite/graphite boundary from upper bainite plates forming. With 
regard to increased nickel concentration cast iron had got greater 
hardenability, thereupon there is less upper bainite surface frac-
tion than in previous cast iron. Analogical like in previous case, 
on the austenite/graphite boundary     BL transformation starts. 
Lower  bainite  is  visible  in  Fig.  6  as  dark  areas.  Temperature 
decrease below Ms caused last parts of austenite transformation to 
martensite. 
The average hardness of nodular cast iron with carbides and 
upper bainite, lower bainite and martensite amounts to 455 HB. 
Nodular cast iron microstructure obtained by 2,00% Mo and 
3,00% addition is presented in Figure 7. 
 
 
microstructure: nodular graphite, martensite, ledeburitic carbides, 
retained austenite 
 
Fig. 7. The microstructure of nodular cast iron containing: 3,02% 
C; 2,50% Si; 0,20% Mn; 2,00% Mo; 3,00% Ni (Ec = 3,94%) 
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Metal matrix microstructure of this cast iron consist of mar-
tensite with retained austenite and carbides. Nickel concentration 
increase to 3,00% caused hardenability considerable increase and 
a decay of austenite to bainite transformation. 
The  average  hardness  of  martensitic  nodular  cast  iron  with 
carbides amounts to 556 HB (about 57 HRC). 
An essential influence of nickel concentration in cast iron on 
its microstructure and hardness results from presented data. For 
0,00 ÷ 3,00% nickel concentration in nodular cast iron with car-
bides and 2,00%  Mo  metal  matrix  consisting  of:  upper  bainite 
with  ferrite,  upper  bainite,  upper  and  lower  bainite,  bainitic-
martensitic and martensitic can be obtained. 
Estimated phases surface fractions allow to work out nomo-
graph presented in Figure 8. 
It presented proportional phases surface fraction in cast iron 
with  carbides  metal  matrix  depending  on  nickel  concentration. 
Without nickel there is about 20% of unwanted ferrite in wear 
resistant cast iron. 0,50% Ni addition causes lack of ferrite and 
upper bainite obtaining in cast iron metal matrix with carbides. 
For 0,50% to about 1,75% Ni in the cast iron metal matrix there 
are carbides and upper with lower bainite mixture. Nickel concen-
tration increase more than 1,75% causes martensite obtaining. Its 
amount increase proportional to nickel. For 2,50% Ni there are  
a small amount of upper and lower bainite. The microstructure of 
cast iron like this is exemplary presented in Figure 9. 
 
 
 
Fig. 8. Nickel influence for constant 2,00% Mo content on the components fraction in cast iron metal matrix containing carbides 
 
 
microstructure: nodular graphite, upper bainite, lower bainite, 
martensite, ledeburitic carbides, retained austenite 
 
Fig. 9. The microstructure of nodular cast iron containing: 2,98% 
C; 2,50% Si; 0,20% Mn; 2,00% Mo; 2,50% Ni (Ec = 3,85%) 
For more than 3,00% nickel concentration in nodular cast iron 
with carbides there is only martensitic microstructure. 
 
 
4.  Conclusions 
 
The results have indicated the following: 
  in cast iron with 2,00% Mo and 0,50% Ni metal matrix micro-
structure consisting of upper bainite and carbides can be ob-
tained, 
  in cast iron with 2,00% Mo and without nickel there are a fer-
rite halo round to the graphite, 
  nickel  concentration  increase  to  1,00%  causes  in  cast  iron 
upper and lower bainite mixture obtaining, 
  in nodular cast iron with 2,00% Mo nickel concentration in-
crease more than 0,50% causes upper bainite fraction decreas-
ing and lower bainite obtaining, 
  nickel  concentration  increase  more  than  2,50%  causes  in 
nodular cast iron with carbides martensitic microstructure ob-
taining. 
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